Prothoracicotropic
hormone (PTTH) is a brain neuropeptide that activates prothoracic glands to produce ecdysone, thereby playing a central role in the endocrine control of postembryonic development of insects.1 -3) The brain of the silkworm Bombyx mori contains two kinds of neuropeptides with prothoracicotropic activity,4) i.e. its own PTTH (previously called 22K-PTTH according to its relative molecular mass (Mr) of 22,000 estimated by gel filtration), 5) and bombyxin, previously termed 4K-PTTH.6'7) Bombyxin has a clear-cut prothoracicotropic activity when assayed with another moth, Samia cynthia ricini, but not with Bombyx.4) Bombyxin has been extensively purified and sequenced, showing amino acid sequence homology with insulin-family peptides.6'7) Furthermore, the use of oligonucleotide probes designed on the basis of the known amino acid sequence enabled us to clone and characterize the bombyxin cDNAs and genes.8'9) Contrasting 73 with this marked progress with bombyxin, the study ofPTTH has remained far behind mainly due to its minute content in the brain and technical difficulties associated with its larger molecular mass and high degree of heterogeneity. Wepreviously isolated one molecular species of BombyxPTTHand the N-terminal 13-amino acid sequence was determined.5) We here report the purification of PTTHusing a far larger amount of starting material. A dimeric structure for PTTHhas been proposed and most of the amino acid sequence clarified.
Materials and Methods
General procedures and chemicals. Extraction, fractional precipitation, and conventional liquid chromatography were carried out in a cold room (4°C) or in an ice-water bath. High performance liquid chromatography (HPLC) was done using a TRI ROTAR-III HPLC system (JASCO) at 40°C. The amount of protein in each fraction was measured by the absorption at 280nmor 220nmwith bovine serum albumin (BSA) as the standard. Glass tubes used for samples for sequence analyses and amino acid analyses were specially cleaned to remove any contaminants: they were washed with glass-distilled water, ultrasonicated in 50% nitric acid for 30min, then rinsed repeatedly with HPLC-grade water until the pH of the rinsing water became neutral. All chemicals were of the highest grade commercially available. Water was distilled after deionization.
Trifluoroacetic acid (TFA) and heptafluorobutyric acid (HFBA) were used as obtained as reagents for amino acid sequencing (Wako). Water and acetonitrile used for HPLCwere purchased from Nacarai and Cica-Merck, respectively.
Source ofPTTH.Male adults of the silkworm, Bombyx mori, were frozen at -20°C, and beheaded by a razor blade, and the heads were stored at -20°C until extraction. 10)
Bioassay. The samples after each purification step were bioassayed using brainless pupae of a racial hybrid J-122xC-115
of Bombyx mori and their activity was expressed in terms of Bombyxunits as described.n)
Purification. Bombyx PTTH was purified according to the methods reported previously.5)
Sequence analysis. Sequence analysis was performed using an Applied Biosystems (ABI) model 470A gas-phase sequencer equipped with a model 120A on-line phenylthiohydantoin (PTH) amino acid analyzer. All reagents for sequence analysis were purchased from ABI. Sequence analysis was carried out using a 03R PTHprogram.
Amino acid analysis. Samples were hydrolyzed in HC1 vapor using a PICO TAGWork Station (Waters) at 1.10°C for 20hr. The hydrolysates were analyzed after derivatization to phenylthiocarbamoyl (PTC) amino acids on a TRI ROTAR-III HPLC system (JASCO) with a Senshu Pak ODS-1151-N column (4.6x 150mm). PTC amino acids were eluted with a gradient of 2-50% acetonitrile in 10mMphosphate buffer (pH 5.5) at 47°C with a flow rate of 1 ml/min.
Reversed phase HPLC(RP-HPLQ for separation of fragment peptides. The reaction mixture after enzyme digestion or S-carboxamidomethylation was adjusted to a pH of7.0 or lower by adding 10% formic acid, and applied to a Hi-Pore RP-304 (Bio-Rad) (mothod 1) or a Hi-Pore RP-318 (Bio-Rad) (method 2) column (4.6 x 250mm). The fragment peptides were eluted with an 80min linear gradient of0-40% acetonitrile in 0.1% TFA at a flow rate of 1 ml/min.
S-Carboxamidomethylation.
The purified PTTH fractions II-l (12.6/ig) and III-3 (7.8 /jg) were lyophilized and dissolved in 60//I of 0.5m Tris-HCl (pH 8.5) containing 6 m urea. Ten ugofdithiothreitol in 10 ul of the same buffer was added to the sample and the mixture was incubated under nitrogen at 45°C for 1 hr. Then 24fig ofiodoacetoamide in 10fil of distilled water was added to the reaction mixture, which was maintained in the dark under nitrogen at room temperature for 20 min. The reaction mixture was separated using RP-HPLC (method 1).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Aliquots (1 fig was treated in 20 batches (step 1 to 6), 10 batches (step 7), 5 batches (step 8 to 14) and 2 batches (step 15). PTTH activity was recovered from four peaks (I, II, III and IV) in both batches at step 15 ( Fig. 1) . Each of The materials from 3 millions Bombyxheads were eluted with two successive gradients of 20-32% acetonitrile containing 0.1% HFBAin 5min and 32-40% acetonitrile containing 0.1% HFBAin 80min, at a flow rate of 1 ml/min. Absorbance at 220nmis shown by a solid line and concentration of acetonitrile is given as a dotted line. Cross-hatched bars and areas indicate PTTH activity.
with similar hydrophobicities.
PTTH activity was again recovered in multiple peaks (II-1-5,
and IV-1-5) ( However, the fact that the specific activities of these peaks were almost the same among the peak fractions have led us to assume that satisfactory purification had been achieved.
The overlap of the peaks was assumed to be due to the presence of highly heterogeneous molecular forms of PTTHwhich are structurally very similar, rather than to contaminating proteins. We therefore regarded these peak 77 fractions as purified PTTHand used them for structural analysis. The data that follow in fact justify this assumption. The yield of PTTHin each fraction is listed in Each value was calculated from the average amount of PTHamino acids released from the first five cycles of Edman degradation using 1 jag of various BombyxPTTHfractions, but the value of PTH-isoleucine of the third cycle was excluded from calculation. was G-N-I-Q-V-E-N-Q-A-I-P-D-P-; this sequence is the same as that previously reported5) for PTTH.Moreover, two shortened sequences in which six and seven amino acids are missing from the N-terminal end of the longest sequence were present, but no other aminoacid sequence was detected. Table II reduced, alkylated and fractionated by RP-HPLC. This procedure yielded one (Fig. 4B) or two (Fig. 4A ) major peaks together with some minor peaks. Sequence analysis of the major peaks CAM-1 and CAM-2 (Fig. 4A) yielded the same single sequence as the most extended N-terminal sequence of the intact PTTH,and revealed the amino acid sequence up to the 27th and 35th residue from CAM-1 and CAM-2, respectively. Analysis of peak CAM-4( Fig. 4B ) also gave the same Nterminal sequence as intact PTTH, but the peak was a mixture of three components with different N-terminal starting sequences as was seen in intact PTTH. In addition, the amino acid compositions of peaks CAM-3 and CAM-4were almost identical with those of intact PTTH (Table IV) . On the basis of all these data, we conclude the following. Bombyx PTTH is composed of various homodimers and/or heterodimers, the subunits of which are joined together by disulfide bond(s). In the case of heterodimers, two subunits are identical in the amino acid sequence for their main bodies and differ only at their chain termini (shortsequence deletion). A carbohydrate moiety which is presumed to be present in the PTTH molecule (see Discussion) may also be responsible for the molecular variation of the subunits.
Amino acid sequence ofBombyx PTTH
The amino acid sequence finally characterized for Bombyx PTTH and the strategy used for its elucidation are shown in Fig. 5 . This sequence was obtained by combining the amino acid sequences of fragment peptides produced by lysyl endopeptidase, chymotrypsin and V8 Figure 6 shows the chromatogram of the digests after reductive alkylation, and nine major peaks (designated K-l to K-9) were obtained. Also, intact PTTH (purified fraction II-2) was digested with chymotrypsin but could not be cleaved sufficiently (data not shown), possibly due to the conformation of native PTTH.
Therefore, purified PTTHfraction-111-4 was first reduced, alkylated, and then digested with chymotrypsin. Figure 7 shows the chromatogram of the digests, and nine major peaks (designated C-l to C-9) were obtained. All materials of each peak obtained by RP-HPLC after enzyme digestions were subjected to sequence analysis without further purification, since the amounts of fragment peptides were estimated to be less than lOOpmol. Therefore, some peaks which contained two or three peptides gave a mixture of sequences. Peaks (C-9), respectively. However, the Ctermini of K-5, K-6, K-8, C-5 and C-9 were not clear. The sequence of C-6 containing C-2 overlaps with K-2 and K-4, giving a continuous sequence of positions 43-65. K-5 and K-6 gave the same partial sequence, including C-8 and C-l, and revealed the residues 83-104, Also, the residues 71-82 were identified from the sequence of K-3. Peak K-7 contained two peptides, K-7-a and K-7-b, and gave a mixture ofN-terminal sequences ofPTTH starting from the 7th residue, asparagine, and the 8th residue, glutamine. The sequence of K-7-a beginning with the 7th residue was identified up to the 39th residue, asparagine. Thus, four partial sequences (1-39, 43-65, 71-82 and 83-104) composed of total 96 residues were determined by sequence analysis of fragment peptides produced by lysyl endopeptidase and chymotrypsin digestions.
To obtain the requisite data to connect the four partial sequences and determine the C-terminus of PTTH, two combined fractions of the purified PTTH (IV-1-3 and IV-4-5) were separately digested with V8 protease after reductive carboxymethylation.
The chromatograms from the two different fractions were almost identical and small differences were observed only in peak height of some minor peaks (Figs. 8A and 8B ). Sequence analysis of major peaks in Fig. 8A (designated E-l to E-12)
revealed that peaks E-4, -5, -6, -7, -8, -9, -10, -ll and -12 each contained only a single peptide, and E-4, -5, -8, -10 and -12 were fully sequenced up to their C-terminal glutamyl residue. E-12, consisting of E-4 and E-5, was assigned to position 74-88, and provided the connection between K-3 and K-5. The sequence of E-8 were assigned to positions 57-68, and an additional three residues, R-R-E, beyond the C-terminus of K-4 were identified. The sequence of E-l0 was assigned to the position 23-36. Both peaks E-7 and E-9 gave the same partial sequence assigned to position 89-104, but the residues after position 104 could not be identified. Peak E-3 contained two peptides, E-3-a and E-3-b. The sequence ofE-3-a begins with the 7th residue, asparagine, and was identified up to the 17th residue, cysteine, on the basis of the N-terminal sequence information ofPTTH. E-3-b gave a sequence beginning with threonine at position 37 and was identified up to proline at position 46, except for position 41 , by subtraction of the sequence of E-3-a from the overall sequences of peak E-3. To identify the residues at position 41 and after determined by sequence analysis of fragment peptides as summarized in Fig. 5 . Other peaks (K-9, C-3, C-4, E-l and E-2) containing two or three peptides gave sequences assigned to each position shown in Fig. 5 , except for E-2-b.
R-E, which could not be assigned to any part of the sequence shown in Fig. 5 . Also, the sequences
E-ll (S-E-S-F-A-) could not be assigned, but these fragments except for E-ll gave a
These fragments maybe derived from contaminants of purified PTTH or fragments toward the Cterminus of Bombyx PTTH.
All materials from the peak C-7 was lyophilized, redissolved in 10% formic acid and applied to a sequencer. a: Idenified but not quantified due to interfering compounds.
b: The same PTH-amino acid was recovered from two peptides.
c: Carboxamidomethyl cystein (CAM-Cys) was identified on 120A PTH-aminoacid analyzer by the major peak of PTH-CAM-Cys near PTH-Glu and minor peak of PTH-carboxymethyl cysteine (PTH-CM-Cys), caused by deamidation of PTH-CAM-Cys, near PTH-Ser but not quantified.
containing two or three peptides were reexamined. Peak C-7 contained one major peptide C-7-a and two minor peptides C-7-b and C-7-c, and gave two or three PTHamino acids at each Edman cycle as shown in Table V . The sequences of C-7-b and C-7-c were assigned to positions 20-40 and 1-19, respectively, on the basis of previous sequence information of and an additional residue,  cysteine, toward the C-terminus was identified for C-7-b. The sequence of C-7-a was obtained from its majority and by subtraction of the sequences of C-7-b and C-7-c from the overall sequences of peak C-7, and assigned to position 65-81, providing the connection between E-8
Discussion
We obtained 226fig of purified Bombyx PTTH from 3 million Bombyx heads (22.5 kg, taken from 1.5 ton of moths) using a 16-step procedure with a 5 x 106-fold purication with 25% recovery of biological activity. Since this material was still limited in amount, we used various analytical approches on various purified fractions and the results obtained were combined. As a result we finally drew the following conclusions. Bombyx PTTH was highly heterogeneous from the elution pattern of PTTHactivity at steps 15 and 16. Sequence analysis indicated that heterogeneity ofBombyx PTTHwas partly derived from different N-terminal starting positions.
It is not known whether this heterogeneity reflects the presence of the true heterogeneity in PTTHmolecule or is due to artifacts formed during storage of the starting material and/or during purification.
The amino acid sequence of BombyxPTTH was obtained from sequence analysis of fragment peptides produced by three peptidases. A continuous sequence up to the 104th residue was determined, except for position 41. The weakest part of the sequence determination was two residues, the 69th threonine and 70th lysine, because these residues were identified only from C-7-a, which was obtained from the analysis of a mixture of three peptides. Other residues, except for the 41st residue, were identified from two or more fragments. However, this sequence agreed completely with the sequence deduced from the CDNA encoding Bombyx PTTH13) (see below). During sequence analysis, we did not obtain any peptide that showed the replacement of amino acid residues as seen in bombyxin,6) suggesting that the heterogeneity of Bombyx PTTH is not derived from amino acid substitution in the peptide sequence. The C-terminus of BombyxPTTHcould not be determined clearly from peptide sequencing. Two fragments from V8 protease digestion, E-9
and E-l l, have the same C-terminal sequence ofPTTH up to leucine, position 104. Although neither of them showedany extensive residues beyond leucine, we suspect that one or both of the fragments has extra residue(s) beyond leucine and that the number of residues are different because the retention times of E-7 and E-9 are different on RP-HPLC. In addition, two fragments from lysyl endopeptidase digestion, K-5 and K-6, contained the Cterminal sequence beginning with tyrosine at position 83, and gave the sequence up to leucine, position 104. Thus, we suspect that some subunits of BombyxPTTHhave extra residue(s) beyond leucine and that Bombyx
PTTHhas heterogeneity also in the C-terminal portion.
Quite recently, we have succeeded in cloning a CDNA encoding Bombyx PTTH.13) The amino acid sequence deduced from the nucleotide sequence has revealed that a subunit of Bombyx PTTH consists of 109 amino acid residues, adding only five extra residues, R-Y-N-N-N, to the C-terminus of the peptide sequence shown in Fig. 5 , and all other residues are identical with those from the peptide sequencing. This suggests that the sequences of K-l, K-2, E-2-b, E-6 and E-ll, which could 85 not be assigned to any parts of the sequence shown in Fig. 5 , could be derived from contaminants of purified PTTH. Furthermore, the residue at position 41, which could not be identified from the peptide sequence analysis, was deduced to be asparagine from the nucleotide sequence. Thus, the 41st residue is presumed to be a glycosylated asparagine, because N-X-T is a consensus sequence for and that one or both subunits are glycosylated and truncated at the N-terminal and/or Cterminal ends, giving rise to such high heterogeneity.
